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This paper dcs(,ril..s cxperimeHta] (_hscrx ati(.,s ot'd(r.;rHV', ard. ol)p[)scd-IIow Ilan,c sprcadin_ made under

partial _ravit) condi/io.ns ;d.)ard NASA research air(.,'alt. Spc(,ial apparatus arid h.('}miHucn tin- tt.'se h'sts

arc describe(l, includin K schlicr('n inlatz, in_ or dim uem'-limil tlames. I"laH,c-sprcadin_ m_d flmm,tahilit..

limit I)ehavi(ws or a ibm c(.ll,d(_si(. Iue[. 1 x l0 ' _(.m _ h.sted a! ] arm _1" [m'ss,H'c m ox>t_cn/nitro_('n

l.lixt.m'_; of 13 21_ (r,.)gcn l)x xohmtc, arc described Ik." cl'[_'cti;v accclcratio., lcxcls ral_in_ from 0.()5

to 0.6 times normal earth _ra',it:, r ( ] _), Downward Imrnin_ flammability incrvases in partial _rax il), with

t}w limitin_ (_x)'_cn fraction f_dlin_ ['tom 15.6% o×_cn in I _ to ]:3 14t/_ ox)'t_eu in 0.05 0, I _. F]amc-

spn'a(l rah's _,r(' shown to lwak in partial _ravity, incr('asin_ hy 20% _)',('v" lhe I-_ '<a]u(' in air (21 '"_ ox)_cnL

l'artial-_ravit) flame-spreading, n'su]ts, corrected I_," fuel d¢'nsitv and tlfi('km'ss, arc ('onsistent with results

ohtaincd at a('('clcralion h'_c]s abo_ e I _ in a ('entrifit_e. The wsHlts compan' qHalitati',el)' with predi(.ti(ms

,d" fhm,' Slm'adin _ in huo_m_t flow h_ m_(l('Is thai in('lude finih'-rate chemical kmeti(,s and sm'lii('e antl

_,s-phasc radiati,,c loss mechanisms. A (,(m'('lati(m ot'experimenlal Im(_)'ant downward tlamc sprcad resulls

is itdr(_(l,_('ed thal a('t'Imuts l(n radiatixe heat losses Hsin_ a dim(.t,sionl(,ss spn'ad rate, V_°, a radia-

ficm/(,on(lu('tiou mmdwr, S_, and t]_(' l)amkohler mind)or. Da. as paramch'rs. The (,orrvlati(m int']udes

d:m, lrom I).05 _ m 4.25 _ and ox)_en/nitro_en mixtures l'r()m 14% to 5{Y,_ _xT_cn.

Introduction

Flame sprea¢lin_ over solid fuels is a l)he,.m_ena
of fm_(lamt,ntal interest and ol" practical value in the
',tudv and control of fir(', In [lame-spread studies, dis-
tin('tions lwtwc.vn tta.,c's i. fl()ws opposed to and

concurrent with the flame-spread direction, between
thermally thin and thick fi]('ls, a.d I)el_veen flows im-

posed (,xt('r.alk' fl'(.c('(l) or I)y gravit)(l)uoyan(7)
have 1)epn iden'tifie(l. Sev(,ra] r('views articulate the

s.hj('ct [1,21.
Access t() microgravit) (mvir[mments motivate(|

theor('ti('al and exp(,rim(,utal explorations of low-

sp(.(,d ttow regimes in which t)uo)ancy tbrc('s could be

r(,du(.(.d or (,]iminat('(l. Nmm,rical m_)(l('li.g quanti-

[i(,(l smti_('(' and _as-phase radiati[m mechmfisms [3-

fi] and l)r('dict('d the inl'lu(,nce ()f radiative loss in

Slm,a(1-rat(, reductions and qu('nchin_. Numerical
(_valuations of velocity-profile effects [7] an(l predic-

tious d,a_ t,(,ar-wall v(,l<)cily _r_t(lit'n_ would correlate

sl)r(,a(lin _ l)(,havi()r [_'] led l,s to s_l%_('st s('parat(' ('x-

p('rim('Htal Hl)_;('r\ratit)us ()["[lalH('_ sl)r('a(lin!_ iu Iow-

sp('('d l.lr('ly li.'c('d n.d pur('ly 1)u())'a.t th)ws.

Ih,rel 5 tbr('('(I, ol)p<)s('(l-fl()w, im(l (iHii's¢'('t_t stuili('s

in micro_ravity, using drop-t()w('r 19,10] ;,n_(l space
shuttk" facilities I11]. dcn.mmatcd file predicted
spread rate and quenchiu_ elTects. In [.n'ely buoyant
flow. however, downward-burnin_ c'xperiments wen'
limited t(} norulal earth _ravity ( ] g) and elevated gra_-

it)' using a centri fug(" [ 12]. \Vhil(' noting a l()w-gravity.

quit.scent study perhzrl)ed l)\ r uusteadv aec(,lerations
[13], this paper ]'('pt)]'ts the "first svst('matic ()l)serva-

tions offlamt's spreading in 1)urelv f)uovant, low-speed

tlo;vs induced by accelerations I)eh)w 1 _.
We conducted a series of aircraft-t)ased tests to

ohst.rve 1)oth downward an(l upward fla._t,-sprt,a(li._
and Ilammabilitv behavior of thin solid fiwls in sus-

tained partial-g_:avity acceh'rati(ms het\veen I).05 and
1 _. To obtain these data. special apparatus and tech-

niqm's were (lex(qOl)('d. This pal)or ('on('t'rns the
dowuw;,r(l-spr(.adin_ case onk. and l)rovid(_s an op-

porhmity to evahmle models of flame spr('adinci in
pm'ely buoyant flow.

Experiments

Au apl)aralus was dr,vised t() ohst,rv(. [ta..' sl)r('ad
over solid t'u('ls in partial-gravity acct.lt,rati(}us al)omd
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NASA aircraft titcilitios. The apparatus provides

semiautouonlous op(,ratiotl, capable of several tests

per flight, eitlwr attached to tlw airframe or fltlat(,¢t

fi'eelv in the aircrat:t cabin. The apparatus indudes a
26-liter evlind_i('al uhambtw. 2.5.4 cm in diameter and

50.8 cm in length; simuham.(ms schliort_n and ('tm-

ventional imaging: provisilnls for atmosphure rv-

placement: tht, rmocouph., iff,nitiou, aud liff,hting cir-

cuitm: and a Ilangod end plat¢, with a qui('k-rt,h.as(.

biud[ng ('or rapid specimen repla('omellt.

Test specimeus, S-cm hm_ aml 7-cm wi(h _, wt'r("

mad(, ()f thin cellulosic tissm>s Ch'a(lename Kim-

wipesL which wvr¢' nsvd prvvi¢msly in drol)-towt'r

tests [9. l(t, 14]. This material has a half-thickm,ss area

(h'nsitv (i.e.. mass (lensit', x thickness) of 1.0

m_/cl;F- aud was used bec"aus_, of its high |lame-

spread rate ('ompared to other fNt'ls and because it

tends to remain flat while ImrlfilL, z,. Thv samph's were

taped acr, ss a 25.4 × 5 cm gap i, O.05-cm-thick
staiuh'ss-steel samph' h_dd.rs that fill a diametrical

plane of tilt' cvlimlri('al chamlwr, tht'r('l)y ('xposiu_

t'm'l, _ cm iN ihe (axial) Imrniu_ (lir('c'tion by ,5-cm

wide, to tilt' atmosplH.r_, (m both sides.
Control of the fuel t..istm,, coNtt,nt was cou-

straim, d+ Prior to takt'ldT l>rt,tllcmlat,d samph's w¢'rt'

stored in vacltunl for apl)roximatel ) l hour. At alti-

tude. where atmospheri¢' m_fistur¢' ('..tetlt is low, the

samples were exptlsed to the air(,rafl (/_tl]ill. A \ril.('l|lllll

exposm'O in the to_t chaulbt'r belbre fillin_ and i_-

nit|on lasted approximalel) 1 rain. Samples were ig-
nited I)y r('sistauct'-hoati.g a thi. wir(, tbr 0.10 s, r(.-

h'asin,ff. 36 j tl) ignite a strip of nitrocelluloso (10,5

m_, +/- lC_). r(.It.asiu_ au atlditi.mtl 26 j [15] ia a

flame ball, bathin_ tlw i_ilition rc_zi(m. This tt'('ll-

niqtw pro_ kh'd a coNsistvnt dep.sition ot'igldtion en-

ergy' c'ompared to the 1,,t win' .sod alone.

The test atmosl)hurt, was r_'pla('t'(I tbr each tvst.

After replacin_ the spe,t test Sl)Ocimen. the chamber

was evacuated to a prt.ssur(, of loss than (I.008 atm

and then filled with a commorcial i_xyg,en/nitrogen
mixturt' certified to +/ 0.()9/_ absoluto ox)'Ken con-
tent. The residual air .tier m'iwuatiou introduced

<0.06_ error al)s,,lut(..x3_t,n c(mtt'nt. All t'xperi-
merits wen' c.ndu(.ted at au initial t)rt,ssur( , of I arm.
measm'od ',_ith a trmls(bwt.r calibrated daily.

Flames were visualized with a c.<llor schlieren svs-

t(.m 116]. The schlieren sxstt,m was sensitivo to the

componeut of th(, rt.fra('tiv(,-in(lex gradient normal

to the fuel sm't;tce, in a c_limlri('a] detectiou _ohm.,

7.9 ('m in diameter, l/a( defh'c'titms, attri[mtt,d t(>

tlame-i,Huced ([t'nsitv v_(rii_.tious. ,,vvrt, dist'riminat('d

;tt the image plant, i_t" thc sc'hli('r(,ll mirror usin_ a

color transpar(.tlcy vat)'iu_ lint'arlx in hue with lat<,ral

(lisplac(qn(,ut anti tht,u imag_.d with a video camera.

Conventional ima_t.s (if thl. till> xi¢,w of the flames

wor(, roeordod usin_ a I fi-lnni motit nl picture Citlllt'rlt

operatin_ at 24 frames/s.
The tests were c'omluc'tod ab.ard the NASA K(:-

135 at the NASA Johnson Spac'o ( :outer fl.vinff. Kt'p-
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F](:. 1 Hamnmdfitity map in ()_ mole fraction vs accvl-

enai.n t;w thin ('vlluhv;i(' fiwls, with downward Imruing in

pmH_, ImovaNt Ilows i. I ;am pn'ssur_'. Solid symbols n'p-

rt'seul flammal,h' c..diti.ns: hollow symbols represt'Nt

n.aflammat_h, t.o_t]itions, Data m'ar 4 _ art' from t{(,(. 12.

The solid Imv uslimah's _'xperimontal ftammabilit[, t.mu(1-

ar_; tho d,ti,d lira. is th(' b.undary predict(.d in I_('f. 6.

TIw mic'ro_ravit} limit, llot si,owu, is rel)orted as 21(;'; (),

]erian traj('ctori('s (l)mallolas) to simulat(. _ravila-

tional acct'lt'rati.ns ])('t\vt'lH| 0J).'_ and 0.6_, inulu(fin_

hmar ((I.16 _! and mall|an (0.3,_, I¢) h,vuls [17]. The

first paral)olas e\ er ath'mpt('d at 0.05 and 0.6 _ w(,ro

purlbrulod fla" thes(' tests. Local three-axis ac('elera-

tious \verl' measurod _\ith a duplicate i_t" the NASA

Spacv At'culvrumuh'r Mt'asnrenwnt Svsteln [ l,_ I.

Results

Ar'celcralion Ent,ironnicnt:

Wind. atmllsl)lwric (lll']llllCllC(', [uId pilot auti uir-

craft p('rlilrm;mce iNtroduc('d c(mtivmous variation
into the m('asurt'd accelt'ratilm ]('\'('ls. Paral)olas at

tlw lox\¢,st st'! points ((I.05-0.10 _t were pt,rturbed

typically by hi_h-fr(,qm,m.v (> 1 I Izi variations, often

called _-jittur, .f about 0.02 _Z. Iligher set points

((LIB 0.6 _) w(,n_ additi(mally perturl)ed t7; low(.r-

Irequt'licy _ariatious (_d).2-1.0 l lz) of ;.Ll)Oll't 0.1")4 _,

The a\ erase' (hmttioll .ffth(' parabc_las ili('rt'ased with

parthll-_ravit) le\ul, t'ronl al)out S s tbr the stl()i't¢'st

0.(1,_-_ [);tr;.tlloitt !() O.[l()lll ,_0 s for ilIOSI ().(_-_ parai)-

_l]as. Till, paral',o]:.ts b(,_in and ond with a pn]]-np ina-

ilelivt,r ;ll jusi iilldl'r :2.0 _, ael:el(.rali(ni, h) which

S()ltl(' H;lltlOS \vl'r(' <,xp,ls,,d.

];lamlll,qlHliltJ.

Figure 1 smmmiriz('s the test matrix aml shows a
flannllabilitv l_lllnidal_; based Oll accehwation level
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and atmospheric oxy_eu content, In I _, the same

apparatus and tiwl (5-cm wide) were used to deter-

mine the limit usin_ partial-pressure mixtures of the

certified 15% and 16_ mixtures. In ] _, the speci-

me,s never Imrned more than 2 ,'3('m below the

i_nitor in 15.5% 02; they usually burned 4-5 cm, but

never the lull 8 cm, in 15,6% 02; and they usually,

but not always, burned the full 8 cm in 15.7% 0o.

Completely l_urnin_ 0.08 _m of eelhdose reduces (by

ealculation) the oxygen in the chamber from 15.6 to

15.53%, constrainin_ the limit determination to a

precision of about 0. I_. Based on the behavior de-

scribed, a 1-_ limit of 15.6% (),_ is shown in Fig. 1.

()])taining the precision of th(, 1 -_ limit criteria was

not practical in the aircraft because test opportunities

were limited. In 14% ()2 at 0.18 g and 0.38 F flames

prolm_ated 1.4 and 0.4 cm, respectively, and

quenched In'fore tlm (reset o1" high accelerations,

while in 15% ()2 (same accelerations), the samples

burned completely. In 14% 0, 2 at 0.05 g and 0.1 F,

tlames progressed 3.1 and 2.4 cm, respeetively,

sprea(lin_ in partial _ravity for 8 9 s and then extin-

guishing during high accelerations. These are inter-

lmq('(l as tlammahle conditi(ms. Samples ignited in

13% ()_ quickly quenched.

The reported l-g dmvnward-burni._, limit o(' 16.0-

16.5¢_ ()2 for 3-cm-wkh' samp]es of this fuel [9] was

higher than resuhs obtained with :?,-era-wide samples

in the aircraft apparatus, when" using the abme prop-

agation criteria pr(wide(I a limit of 15.8% ():_. The

earlier tests were ignited x_th a heated wire and may

have heen influence(l lw a nearby mirror present to

obtain an ortho_ona,] view. The [figher ttamlualfili_

limit might lle attributed to differences in the uselid

ignition energy' or heat ]osses to the mirror. This
comparison sltggests that the quiese('nt microgravity

limit ot"21% Oe (the logical extreme of the l)u(want-

flow ease), obtaine(l in drop-tower tests [9], is rea-

s(mable to within 1% ()2. Ih_wmer, ])ecause drop-

tower accelerations have not been measured, that

limit ecmlcl not be inelu(le(I in [rig, 1. l,imiting ac-

celerations between 4.0 and 4.:25 _ in 21% O 2 for a

similar fuel were reported in centrifuge tests [ ] 2] and

are shown in Fig. 1.

lie(luting accelerations from 4 to 0.05 _ monoton-

ically enhances downward-burning tlanumd)ility. The

mieroRravity limit of :21_ Oe implies, however, that

the flammabilit3' boundar3/curves upward tat smaller

accelerations and that a nlinimally flanmml)le oxygen

environment exists |br this fue]. for downward burn-

ing, at or below 0.05 g. The analogous flammability

boundary, predicted by a numerical model [6], is in-

eluded in Fig. 1 for comparison and later discussion.

Fhmu' hnagin_,:

Recor(led schlieren flame images were fundamen-

tally different from earlier gravity-related flame-

spri,a(lin_ results. Visible-light emissions from n(,ar-

l;l(:. 2. l{ainl)mv schlier('N ima_('s of (lownward-lmrnin_

thin t]u'I in IScA (),: on the left at O. lO _/_,.,,,h on thr right

lirilr the hlowoff limit at (l.6 _t_, ,,,I,,

liniit tlanies in nlierogravitv tests are diin and (lilTicult

t(i citpture l)v direct illlaglllg, either hv video (if bv

lii()ti(in pi(:tlire fihn [,q-i 1,15£14]. Meii,slires t() eii-

]iaiice filiii ilii;.tges, ili('hll|ili_ torce/l film pr(K'essili_,

tOW fralllilig rates, and SlllaH ftliUllibers, redllee

flame-tracking precision. Short foeal-len<_th lenses,

tH_ieal ()f colnpaet nlicrograxity experinlent designs,

introduce spatial (listorti(ms fi'oni magllifieation var-

iations acr(/ss wide fhtmes.

Sellliereli imaging provided increased (tinl-flanu'

detection sensitixitv a]ltl e, mstant image nlag]lifica-

tion across the tiaraS, width. At ignition, an expanding

I)all of heated gases was visil)le to the sehlieren svs-

teln, reaching :2-:3 em 1)elow (upstream of) the ignitor

(for < 1 s) 1)efore buoyaucy displaced it upward. Con-

ventional visible photography sliowed a smaller flanle

slirrolilldilig the i<_nit()r. Extinguishing |[anles vvero

riearlv (tefined in the schlieren images, shrinking to

-<2,-3 nnn in length 1)efine disappearing. Pi_ure 0

shows schlieren ililages of it [taiiie spreading first at

0.1 _ in [5% 0 2, ;.t nonJlannnable condition in 1 g,
and then, :.iS the fliulle nears bh)woff extinction, ;it

higher ziccelerations at the end of the test.

Flame Spread:

Flame propagation rates were obtained from the

sehlieren results. Figure :3 shows the flame displace-

merit with tinie, synchronized with the e(mlponent

parallel t() tile [[alne spreading (tireetion (if tile in-

stalitalle()llS local acceleration, for il test in lSC/( , ()2,

where the sh)pe ot" tile displac'enient plot in(lieates

[]alne-spread rate. ,,sit tile end of tile parabola, the

illtTe;ise ill lo('al acceleration ;/(.'('()llll)iilii('(] a slowed,
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FI(;. 3. Sym'hroniz_'d-spr_'adin_ ilamu l_osition and I.('al
acceleratio. _s time i;m" dm_m_ard-burnmt_ thin fun iu
15Sf (),,

then extinguished. [lame. t"i_ure 2 d.)ws schlieren
images from that test before and (lurim4 the hi_zher
accelerations, iliustratin_ how the ilame narrowed as
it approaehed extinction. The tta..' was extinguished
as the local ae('elerations crossed the tlammabilitx

h(nmdarv oI* Fi_. ], at about 0.6 _.
Spreail rates were itffluened l_y _-jitter to the ex-

tent that reportin_ spread rates ..tver.tcred...over tilt"

test time showed unacceptabh' scatter. Tilt. partial-

gravity results, shown in t"i_. 4. were obtained, ill-

stead, by llle[tSllrill_, tlame displacements during I)riel
time periods. _>3 s, of smalh,r _,-jitter. This proeed.re
was co.sidered a('ceptal_h' si.ce ttames responded to

perturbations in much less titan 1 s (e._.. at time ll)

s in Fig,. 3). I;igm-e 4 also itlclu(h's 1-_ results..b-

rained in tlw air('ralL drop-lower [9]. aud ('entrifuge

ll2] u.st cha,,dlers, a.d centrifil_e data in °1% 0 2

up t() 4.25 _. All spread rates are corrected tbr I'uel
area density, p..,.,,, wl,ert, p ...... - p .......•r. the mass
density times the filel hallLlhickness. This correction
fi,lh_ds t'rr,, the assertion ill the _.ar]v heat trmlsf_.'r

model [19] that I%,.,'V¢- eonst;,nt" l'or thin fuels
a.d has been used snccessfilllv [9.111.12].

Partial-gravity spread rates ill 21f4 ()_ fall naturalk
along the trend .t" tilt' ('entrilil_e data. peak at an
act.eleration lexel uear 0.(5 g. thu, decline _dth fin'-

ther deur'eases in a('eelerali()n. Spread rates al I

thnn the three diffi'rent tesl chanlhers a_ree to

within 5q. Prediction of spread-rate behavior for a
thin fiwl in 21% O._ t'roul a mnllerit'al model [6]. cor-

rected for p.,_.., is included E)r c,.nparis(m and later

discussion. Spread rates ill IS'& ()._ show _t sinfihu"
nlnnnonot()nic s])read-rate xariatiHn with ac('eh,ra-
tion. Spread rates in ]4 16c_()_ sllow _mlv tilt' down-
wm'd slope.
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tg(;. I. I"lam_' spr_'ad r.t('s of thi,, u('ll,,l_)sic funs in

O./N. n,ixtlH'(',, _tl ] aim pressln'(' _s lod a(.(.(,](.ration.
Data ahox¢' 1 _'_..,h are I'n),,, RN'. 12.The dott¢'d line r¢'I)
n's_'nts p,'_dict.d fl.,';.I raU'_ from Rul. 6. V(..lid li._.s
rel)r('sunl ttamm;d61ih limits: hlowoff limits at hif41.'r a('
celuralions (] lq_ fr, m_ lhis \_mk. 2lq hom Rut. 12:1_tl_(I

radiati_ _,qH,.uuhin5 limil ;d h_w_.ra('('('h'ration (tl.'m'('lical
l)redi('tion [6] }.

l)iseussion

Comparisml It itll Thuor!t:

Two nmneri('al m()th'ls predict downward flame-

sprea(lin, g l)eha_ior at partial-_ravity accelerati(ms

[6.8]. Both calculations utilize a one-step, finite-rate.

gas-phase cllemi('al reaction ,.xlel and estimate ra-
diative losses from both the tuel sm'lklc'e and the _as

phase, l_etbreneu S presents eal(.ulated spread rates
and extinction limits in 51)_/_()2-.5()_/_ N 2, at 1.5 atm,

from lO ts_ t(i I()'Z, and in 21q ()._-79¢/_ N 2 at 1-4

;_. l{.eJ_'renc'e 6 presents spread rates m,d extinction
limits in 21(_ (),-79t/r N,. at I atm Irot, 0,(112 to4.:3

_, and a thuulnahilitv houndarv .vet tl._ same range
of aceelera/i..s. The. data .t' i_et'.6 are in('luded as

the dotted Ii.es in F'i_s. 1 and 4,

Tilt' l)redicli_._s of spread rate show qualitatively

the peak spread-rate fi,ature ohsec,'ed experimen-
tall',, in 21r;._ al.t 1S_,_ ()o at intermediate _ravity hw-

els. Fro,. the peak. t_.tllin_ spread rates at higher

gravity are attrihutd t¢)decreased reactant residenc'e
time in the Ihune zone (('o p_red t_ the cheufieal
reaction lime:' and reduce(| forward heat translbr

from flames rece(lin_ wid_ resppet t. ll., p.vrolysis
front. I"allim4 spr(,ad rates ill lower gravity are attrib-
uted t<) lovcel []4111ete.nperatm'es, rt.sultiu_ from an
inc'rc.asin_ ratio of radiative loss to eht.mic'al heat re-
lease, an¢l rduced liu'wm'd heat transl_.w [rom cooler

ttames

tiu-ther I'rom lh,' fuel surtitce. The spr_'ad-rate pre-
(Ik'tious _ff ReJ'. 6 ft." 215f 02 are hiKher (Fig. 4) than
experilue.t_dlx _d_ser'_d i. partial _r._it}. tl.mgh
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they a_ree well with exlwrimt+nts at uorntal _ravity

aud al)o_e. +l'h(' predi¢'tiuus ia l{+ef. <+',also rt.prodtwe

th(, ol)svtx(,(l (,Xlw1imt,tfla] rvsHlt+ at at+d ab.\'o I

in :21:7+ ()2, as sh.wtl , and alsu hl 50c/+ ():z, at 1.5 atm.

Buth m<)(l('ls predict a hi_h-gravity ('xtinc'ti<m limit

(vi;,.. a blowoff limit) and a ]ow-<q'avitv rxtinction

limit iNz. , a radiative queuchiug limit L These flam-
mability limits are attrilmted to the dora|mince l)fth(,

flamo-retarding mechanisms dr+scribed above. The

flammability blmmla1? pn,dicted in llel', 6 Fig. 1) is

U-shal)Od, sho\viu_ a miuimalk flanmmble <>xygeu

eon(,ontratiou between <).'_ _ aitd (1.3 _. The llam-

inability b(mudarv suggested by the ex[x'ritm'ntal
data d_ws not sh(+w such a miuimmu, but t]w re-

ported quiescent mi¢.ro+_ravitx limit li)r this fro'], 21+_

()2 [9], suggeststhat it exists "<0.(15 _. The predicted

flammability l)mmdayy _,gr(,_,s well _th experimental

observati<)ns al)ovo m)rmal gravit,, lint (livergt,s from

the ul)se,'ved bomtdarv, at m)rmal gravity (13.2 vs

15.6_ ().+I and bNow 121¢+ O+ limit at (i.(I]0 ,, vs

+ micro_ravitv [,9]).

The sourcrs ofdiscrelmncy lwtwern predictioll [6]

and ubserved partial-gravity ilammability and spread-
rate beha_ i(, are not clear but tmt_ involve the choice

.f kiuoti¢, and radiation paramet(_rs. The spread-rato

peak and the Ipresut+wd)mitfimtHtt-<)x+sget+ limit

arise from competition, ittldt,r [illit[ + kilwtics, b('-
tweeu the ht.at-r('lt'ase rate rt+(]uetiotl (din: +to short-

em'd residence time) aud the radiative heat-loss rate.

Au uuderrstimation .f the radiative ](>ss rate c<)m-

pared to the c]wnlica] reaction rate might explain the

dit'ti.+retwos at I _ and th(+ partial-gravity levels but

would not recon¢,ih, the limitiug accelt,rati(ms in 21%

OXV_('II,

Fla,w Spruad-l'_alu C+,'r+'hHion:

Corrt'latitms of measured ttame-spread rates haxe

1)_'('n achieved tbr ptu'ely buoyant tlows [1211and _br

tbrced-c'onvectiuu flows in ttormal gravity [20] using

tormulattons ot dmwum.nh'ss spread rate, X f . vs I a-

mkohh,r numlwr, 1)a. F()rmulations ot'l)a, nominalh'

a ratio of reactaut resitlraco time in the (lame to

chemical n,acti(m time, have included simph' pre-

expou<,ntial chemical models (without Arrhonius fac-

torsl [21,61, models with strong tlmue temperattu'e

dt'p('udenc(' l l 0], ;,,t(I atlditimml provisitms tor (uel-

vapor diffusion from the sm't.tc'e [2(I]. \_eh>citv char-
actt,rizations for rt,si<h,nce-titu(" |,st|mates h/tvo in-

chtth'd a lmovaut vehwitv. X' h _ (a_(Tf - T+/T+,) I''_

121,12,_1, where Tf and'T, are flame and ambient

temporaturrs, and a is the thermal ¢li('fusi'dts, or the
('rer strt,mtl vrlocitv, U_, ahmr 1201 or inclut[ing eon-

sidt,l"atitm of the 1)'oundarv-lavt'r structure [:22]. The

term X'/_. c(>rrt.('ted ('()r p,,,[+,, is a ratio ()f actmd spread

rat(' t0 the sprrad rat(' p(tssibl(' withm_t h('at loss in

th(. iufinit(, (.h(,mical-rat(' limit [19]. \Vht.r(, tho

flmue-retarding m('chauism is associated with limited

r(,sidt+tw( 'tim(', I)a c,(irr(,lati(lus (>t' Ilam(.-Sl,('ad rates

are successful. This ;q)proach m,itlwr su(,c('t'(Is with

data fiom micrtlgravity-ihre('d flows uor \xith partial-

gravity data, bt'c'a_]s(' it dot's not ac'e(mtd for radiatix ('
Ioss(.s from tht's(' Ilam('s.

Wr r(,visit(,(l the fbrmulatitm [d" the data cllrr(,la-

tit)n fi)r pur('ly lm(lxaut, flam('-sproad data I121, t()

inch|d(' th(' partial-gravity data. \V(, ('vahmt('(l 1)a
similarh':

.... -,,,i|
B;,m(ix,, 1:_7) 71+

l)a

.Jll+m_ )x,
% M( )x _ t7 (

wht'r(' the pr(,-(.xp()m,ntial c(mstatfl B = 5.6,t) • 11)+;

m:Vmtd('-s; th(' acti\ati(in enrt%_ E = 167.35 Kj/Kg-

K; thr hoat of cttml)ustit)u All:. = 16,74(I Kj/Kg;

Itl()X,, _.tll([ M(I x _tt'(' th(' aml)ient ( ) L} tmtss ['ractkm am|

m(de(:ular weight, respectiv(,1.x: thr stoic'hiometric

oxv ren/liwl mass ratio i = 1.1_5. and ,;+ and c, are

the ,,,,as thermal c,ondm'tivity and spt'cific hi'at, oval-

uated for the initial ()_/Ne mixtures at the fm,I va-

porization temperature T, = 61S K. \Ve evaluated

Tf tlifferontlv, however, using the STANJAN oquilih-
rium c't)d(' t_tr a st(lichiometric, adiabatic [tam|' t('m-

p(+rature, allowing fi)r dissllciation, aml wt. (,valuated

X'_, using Tf. Tit(' prt,-t'Xl)Oneatial coustal_t, which

(loos not affect the shape <)f tit(" r(,sultiu_ data prt's-

entation, was adjusted from the litt.ratm(' vahw [12]

to [)riu_ l)a = 1 at blowof[extiu('ti()n. Tilt, grouping

( At 1,m()x _/i*),) in tit(' cubic t_t<.'tor is a rtq'ert,m.(, tem-
pt'raturt _ [ 12/that x'ari(,s (rely with the explicit ()+

c'oltt(qtt+

Tilt'ditm'nsi<)nh'ss spr('ad rat(+, (h't%t'd 1121 as

"t_' --
c, T, -7",

- P,.,,,Yc" ,_;+ (,/) _ T, 1

wlwre VII, is the sprt'a(l rate in the no-luss, infinite-

kin('tics limit, and tim solid-t'twl sp('ci[ic heat c',

1.26 Kj/Kg-K. A radiation l_aramett+r, S,,+, th,riv('d

through a dilm,nsit)md amdvsis ()t" the en('rk_ e(tua-

lion [3,4,6] as a ratio of radiation tt) c.<>n(hwti(m over

one thermal length, S'_+ = (c_T;!)/[),T,/(aA',)] -

aT:)/pcfU,, wht're a is the St(4hn-Bttltzmam_ cou-
start| and V, is the rcl(_rence v(']ocit_ tbr the flow (in

tit(' lml)vant case, V,. = V/,). W(, hltve tlsod ,_l_ |is il

correction to V_*, sttggosting that it (,st|marts tilt, ad-

(litional spread-rate (leficit, ¢|u(' t() radiative heat loss,

fiom the no-loss maxinmm spread rat(,. Viff.m(, 5

shows a pl()t uf Y[" S_ x's l)a fi)r ftmn('s sl)r('atlia,_ iu

pur('lv I)u_waut th)w, in partial ,z,raxitv (data ()f Fi_.

4), aud in _he ('('utri['u_(' i21c/i ()+ and 5(F/r ()+ 1 atm

fr()n_ 1 _ t(i 4 _ I 1"_]).
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FIt:. 5 I)imetlsiouh*ss spread rah' ('l)rrl't'[('d using, a ra-

dial]on parameter, S_ - cr'l', v_l,_'rV, _s l)amkohler numl)er

fi)r d()wnward t)urniu_ of thin ueiluh)sic I'm,ls: 50% ()_ data

{)btained in _/,_,.,,,, > I 112l, 2lC/_ (L obtained ti'()]ll g/Z,;,._,

- ().()5_.25 (> 1 g |mvn R{'f. 1:2). Prv-vxp()nential conslav]t

in lhl adjusted st} that/hi -- I at l)]()\_)lt extinction,

\Ve c()nsidert'd that calculati.g T t indept,tdently,

whi](' using ('j, and A/I. evaluated as in l_lel". ]2, nlight

suggest an inc()nsist(,i=cv in t,vahlatiu_, %)_ • Sn anti l)a.

The "1"_values estimat('d using, zJll, ict: evahmtt'd at
T, fi)r the ().,/No mixture, wiillout (lissociatio]= 112],
are much hiKher than ours, which we believe to be

more realistic. A correct c, value is implicit, howevc,r,

= t e equilibrium c'alcuhttion allmvin_ dissociation.

ot" Tf. l{emainin_ uncertainty in ¢,alculatin_ Tf lies in
tile chose]l val(le (if All.., _,.'hicll both Io_rmillations

use. The roles ()ft. alld ;. in _7"5, and Da are pri
P

,larih associated w Ill h)rx_ar(t heat c()nduct (,l, st)

the e;,ahlati()n fi)r llw a.il)i(,ifl (),/N._ nfixture at an

intermediate tenq)erature, "/',, is apl)r()priate. The

('ol|stants zJ/l,, i, anti c/, in lhv reference tt'nll'_eratur("

do not afDct the shape ()1 the data presentation.

Tiffs presentation smooths the scalier in spread

rates seen in Fig, 4. The scatter has no treud attrib-

utabh, to O2 c<,ltent. TIlt' data in 21% O e span the

acceleration range (if 0.05-4.25 _ and also the I('n_th

o[' the eorre]ation curve, while the data in 5()(_ ()._

s|)an o1|b' 1--4 _ and lit. within the 21 r_ ()2 data. Near

blowoff extinction, _i['St_ vs Da values for 15% (),_

at 0.6 _, 15.6_ 0, 2 at 1 _, a]ld 21q_ (),2 at 4.:25 _ lie

together at the left-hand cud of the curve.

The question arises whether the h)w-_,ravity ex-

tinction boundary predicted [fi] would, like the blow-

()ff extinction, havt' similar l)a li)r V_tl)illg _ mill

t)xygt', contents. Since the 1)re(lit'ted h)w-gravity

quenching was not (}l)st.rved in the attainabl(' accel-

eration range, we cannt)l determine any quenching

values tbr Da or the nature of the VI_ • 5;_ curvt, at the

quenching point. Using an adiabatic Ji; l)a increases
"with oxygen co.tellt (i,e.. the cileuti('al rate increases

titstt,r thall V:,) and with th,cr_,asin_ ac(,ehqati()n.

Since the thuitmal)ilit,, I)ounda_. _pr(,(lieti()v116] sug-

gests that qu(,.ching in decreasing accelerations

wouhl b(' .l)s(.rv(.d first in lower 0 e ('nviromlwnts,

W( _ Sll_,g('S[ {h;t{ ;t (,()rI(,l;ttil)lt ofttuel_ching limits can-

not ])(, achi('xt'd until tilt' "J'_estillqatt, used ill l)a is

ah(,re(I t_) rel)r('st'nt Ill(' c'ooling eft_ct of radiative
IOSS,

As nlunelical pr('dictious sltggest [8], we at-

tempted t. i.wlud(' ti>rct'd-flow flame-spread data

[9,10,20] int. Ibis c(.'relati,n, using tit(' free-streani

veloc'it) V, = (:,. (;evwrally, the microgravity (h)w

opl)ost'd-lh)w Sl)t'etls)data I9,10] tbll tt) the right of

the curve in Fi_. 5. whih" the IlOrllla]-gr_D/i'ty (high

opposed ttow speeds) data 120] DII to the It, ft. Esti-

mates of the Blasius bomldary-layer thickness ahead

of the flalm,s in those experiments suggest that they

propa_att.d i.sid(, a I)ountlarv la_t'r (excepl tit(" (tui -

('set'It mi(.ro_raxily (';is(', w[lictl has non('). Mixt'd

(orct'tl- and })uova.]lt-Hov¢ flames have been char-

act(.riz(.(l usinLr l ;,ph]s all estimate of tilt' t)oundarv-

lav('r slrue|ure 122 I, whidl depended upon the nt'_r-

wall velocil_, _la(lillll. II r(qrlains illtclt_ilr wh('ther the

[[;.[IIIt'S O1" Rel's. 9, lO, _tlld 21), l}articularly tilt, micro-

_ravity tlam(.s, \vvve deep enough ill their boundary

layers to lie afli'cted only b', the near-wall _radiel/t

or l)v mort' {)f the v('lo(;it)"profile, since the flare(,

stan(lo('ltlisktvtc.(,s x_t'r(' not (tuantifie(t.

VG' sought to (,btail, estimates of acceleration Icy-

('Is where qul,lcllil_g of partial-gravity ]lttlllOS w(luld

occur. Mindful of the uncertain eomparist)n of forc('d
and bu(}VaVlt t'ast's w(' have descril)t.d, we used the

fla]umal;ilib, limits observed in foree(I flows at mi-

ert)L_raxitx to estimalt, partial-Entvi_, flammabilil,,

limits. I:i_ure 6 shows an al)proximate tlavnnmbilit i

map li. .l)posed-tlo,._ ltames, in(:luding the data of

I:i_. I plus re'at-limit micro_ravity data [9, I()], where

each is charat.turizt,d I)y V, = VI, or U_. Adj.stlnt'nts

to U_ values fi)r I.,m(lal)'-layer influences, even sul)-

stanlial t'racliomtl rt,(hwtions, would nt)t c'han_(, tilt'

position (if the |hunnlatfili b' curve apprt'ciably.
Withil_ the limitations we have disc!uss('d, the lortx'(l-

th)w data suggesl thai quenching t)f l)artial-Kravity
flal.es s]_ouht 1)(' ()bsvrx al)le at i}.(:(.eh.ration levels (if

_10 _-10 -' _ iw 14(;_, .xvm.l _10 4-10 :_ _ f(ir

15v_ oxx,_en and -_10 _LIO s_ for 219f oxv_('n.

Conclusions

Usin_ paral).lie trajectories in aircraft, we have

conducted tilt" first t'xperiments in buoyant ditfusi(,l

ttanle spread o_er a lhin solid in a partial-gravity

range oF O.05-O.fi tiln('s normal (,arth gra\_ty. Suc-

tess]ill opt'ration in this unusual environnl(,nt re-

(tuired the th'veh_l)ment t)f special apl)arahts and

tec']mi(lues, inchldin_ a schlieren systeln for imaging

tlinl n('ar-linlit [lamt's. a ['ast actin_ and r(q)eatal)]e

ignitiol= svsteln, precise acceleration IIleiLSlll'(qll('lltS,
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Fit;. 6. Estinmted flammability map in O_ mole fraction

_s opposed-flow velocity for thin cellulosic tiM. Flow ve-

locities inelmh'd purely buoyant, V;,, for g/_,.,,,, levels

shown (circular symbols, >1 _ fi'om Ftef. 12), and free-

stream veh)cit,v, 1_,, for microgravit} forced-flow tests

(square symbols [9,111]). Solid symbols represent flamma-

I)le conditions; hollmv s_mbols represent nonflammable

conditions.

and extending the range of accelerations provided by

the aircraft ttight crew.

Using gravity as a variable parameter pro,Aded a

new uleans to study the effect of convection on flame

spread and extinction processes. Unlike experiments

in forced flow where the local veloci ,ty in front of the

flame depends both on the free-stream veloci_' and

the developing boundary layer, the local veloei b' in

front ot" the flame in tmoyant flow depends only on

the gravity level.

l)ownward-spreading {lames were observed in

partial gravity in ()fin e mixtures behveen 14% O z

and 21% ()2 at normal atmospheric pressure, dem-

onstrating peak values of flame-spread rate and in-

creased flammability at local accelerations below

normal earth gravity. Flame-spread rates 20% higher

than in normal gravity were observed in partial grav-

ity, and flammalfility increased, xsqth the limiting ox-

ygen fraction failing from 15.6ffc O _in normal gra_fb_

to 13 14% 02 at 0.05-0.1 _.

A data presentation _4th a radiative correction to

dimensionh'ss downward flame-spread rates corre-

lates with l)amkohler nmnbers in purely buoyant

[lows from I).05 g to 4.25 g. Comparisons with our

data support the qualitative results of theoretical

models that include finite-rate chemical kinetics and

radiative transport to describe the flame spread and

extinction processes. The experimental data provide

the basis tbr improving quantitative predictions from

the models.
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COMMENTS

Paul Romwy. Univcrs'ity qf Sottlhcrn Califi.vlia, USA.

Y[)ur radiation parameh,r (h)t's not ilwlu(h' a Planek ab-

smq)ti(m coefficient, which indicates that ',ou are .ot con-

sid(.ring gas-phase radiation. One th_,H int_'rs that your ra-

diation parameter refers to surface radiation with constant

emissivity, 1)o you believe that the q.ality of your corre-

lation then suggests that surfi_ee radiati.n is more impor-

tant than gas-phase ra(liatio.?

Author_' Reply. Tit(' radiation parameter, S., indicates

the increased importam'e (d" radiation losses to the envi-

romnent as the cowcoeting flow velot,il)deereast.s. For the

low-speed flow conditions ol)servabh, oldv in reduced grav-

ity. We ]t:ave Ilsed St¢ to compensate the dimensionless flame

spread rat(' for these radiative losses. V_'ithout a third pa-

rameter t[_ aeeomfl for radiative loss, dimensionless spread

rates in low-speed flows (1o not correlate well with Dam-

k6hler number, despite the success (d' this approach fi)r

higher-speed ttows.

The t})rm ot" S. used i. the correlation seenls to Sllggest

flmt gas-phase radiation loss is not imp(,rtant in the range

of conditions tested. This S. descrilws loss from the thel

surtitce and is l)roportional dbr a 21) ttame) to _ _". Be-

i'm lse gas -l)hase radiat i(nl [(_ss grows wit h t he flame voh 11i1(..

a gas-phase S. is proportional (t_r a 21) tlame) to ;_ _':_,

Consequently. whih, at normal gravily gas-ph_tse loss is

much smaller than surlktee loss, gas-pl,ase loss is amplified

with respect to surface loss as _ravit)I)ecomes small. N.-

merieal modelin_ (e.g., B._'f. 1"5in the h'xt) predi('ts that at

sufficiently low gra_St)', spread rates _ith gas-phase loss are

lower than spread rates with surtitee loss. We sugg, esl that

tit(' lowest partial-gravit) h'vel availabl(' in the aireratt tests

(i._., 0.05 g_c_,,,t,)is not low t'tt(m_h tbr _as-phase loss to

dominate Sl)Wad rate behavior.

S, Bhattacha_ee, San I)ie_o Stale U.il;ersity, USA. You

evahmted the flame temperature Ihal appears in the

deRis/I)eliehalsios Ibrm.I..sing ,";TAN JAN, whi]e the

.riginal solutio, r_.quiws the use of linearized adiabatic

stoichi[mletric Ilame tv.q)erature. The dift_renees I)e-

lween these tw. lemperatures are quite large, especially at

high ox),g_,n t'_ w,'.trat iol_s. I f the linearized adiabatic tem-

pt'rature was used how would that aftbet your correlatio.s?

Author:s- Rcply, In de_c'lol)ing the correlation presented

in this paper, we tirst reproduced the correlation of ttame

spreading presented in Altenkirch et al. 112] in which a

calculated stoivhiomelrie, adiabatic flame temperature

s_4th no diss(wiati[m appeared in the tbrmulatitm of the

I)amk6hler numb(.r. Da. and dimensionless spread rate.

V/*. for purely Imovanl flows, These temperatures are ve o,

high (e,g., 282:2 K at 21 '_ oxygen mole fraction) coral)areal

with realistic lhm.. h'.q}eratures, but serve to represent

the release (d" all conceivably available ener_' to maintain

tit(, flame reaelio.s and drive the buoyant ttow.

I. that tbrmubdi.n. _'7 approael'_es unity as Da in-

creases, in ae('ordanee with the sealing of the measured

spread rates with the spread rate at the eondilion of the

llllLxJnllllD e_meei_able tbrward heat transtbr rate. and the

data, over a wi_h, ravage of atmospheric oxygen content, lit"

along a smooth emYe. Modit},ing Altenkireh's fiwmldation

only by allowi_g tbr dissociation in the stoichiolnetrie, ad-

iabatic ttam_, h.mi)_.ralure calculation (e.g.. 2182 K at 21c/t

(}xygen) disrupts the srn¢_oth curve seen in Ref. 12, creating

a fimaily of eurvvs that diflk'r b)oxygen content, llowever,

when the partial _yavity (tata we obtained are included in

this tbrmulalio, a usethl property emerges: bh)woff extinc-

tions occur at vt'm' similar l)a for 21_ oxygen mole ti'action

at 4.2,5 times normal l':arth gravib, (g), 15.7% oxygen at 1

g, and 15'_ .x)gt'n at 0.fi _. hdroducing tile radiation pit

rameter. S., rem.xes the oxygen-conte.t (lepemlcrme of

the dimensio]dt,ss spread rate (ineidentally, using IA:.

without the ga_ pr, q)t'rties in S_ does not succeed). The

eombinatio. ()t HsinK realistic flame temperatures and cor-

recting tlw dimet_sitmless spread rate fi)r radiation losses

provides a eorr('lati.n thai is independent of gra'_Sb_ level

a.(l oxygen ('(mt_'rfl over wi(le ranges of these dimerlsional

parameters.


